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Summary
Background: Eukaryotic cells arose through the uptake of
bacterial endosymbionts and their gradual conversion into
cell organelles (mitochondria and chloroplasts). In this
process, a massive transfer of genes from the genome of the
endosymbiont to the nuclear genome of the host cell occurred.
Whereas intron-free organellar genes could conceivably enter
the nucleus as DNA pieces and become functional nuclear
genes, the transfer mechanisms of organellar genes contain-
ing prokaryotic-type group I or group II introns are not clear.
Results:Wedescribe an experimental system that allows us to
screen for functional endosymbiotic gene transfer of intron-
containing chloroplast genes to the nuclear genome. To distin-
guish between DNA-mediated and RNA/complementary
DNA-mediated transfer, we have constructed an antibiotic
resistance gene that is interrupted by a chloroplast group II
intron and whose expression is dependent upon both intron
removal and gene transfer from the chloroplast genome to
the nuclear genome. Screening chloroplast-transformed
tobacco plants for the acquisition of the antibiotic resistance
via gene transfer to the nucleus, a large number of transfer
events were selected. We show that all events involved the
direct DNA-mediated transfer of the intron-containing chloro-
plast gene into the nuclear genome. Gene activity in the
nucleus is brought about by utilization of cryptic splice sites
within chloroplast intron sequences resulting in appearance
of a contiguous reading frame.
Conclusion: Our data pinpoint mechanisms for the functional
transfer of organellar genes to the nucleus and demonstrate
that intron possession is not an insurmountable obstacle to
DNA-mediated endosymbiotic gene transfer.
Introduction
The evolutionary progenitors ofmitochondria and chloroplasts
(an a-proteobacterium and a cyanobacterium, respectively)
had genomes of several Mbp with thousands of genes. In
contrast, present-day organellar genomes are very much
reduced in size and harbor only a very small number of genes.
For example, the human mitochondrial DNA has only 37 genes
in a genome of 16,569 bp [1] and the tobacco chloroplast
(plastid) DNA contains approximately 120 genes in a genome
of 155,943 bp [2]. Two processes account for the large
discrepancy in gene content between the bacterial endosym-
bionts and their contemporary organellar descendants: loss of
genes that were redundantly present in the genome of the
endosymbiont and the genome of the host cell and gene trans-
fer from the organellar genome to the nucleus, also referred to
as endosymbiotic gene transfer (EGT; [3, 4]).*Correspondence: rbock@mpimp-golm.mpg.deTwo mechanisms of EGT have been considered: the direct
transfer of organellar genome pieces into the nuclear genome
and the transfer via an RNA/complementary DNA (cDNA) inter-
mediate. DNA-mediated transfer appears to be the mecha-
nism underlying most, if not all, transfer events leading to
so-called promiscuous organellar DNA in the nucleus [4, 5].
Mitochondrial DNA sequences regularly escape to the nuclear
genome in fungi and animals [6–9] and, likewise, fragments of
plastid and mitochondrial DNA are found integrated in the
nuclear genomes of all plants investigated to date [10–12].
Their large size (in the most extreme case comprising an entire
copy of the organellar genome, such as a full copy of the mito-
chondrial genome integrated in chromosome 2 of Arabidopsis
thaliana; [13]) and the presence of organellar introns are gener-
ally taken as evidence for the direct incorporation of organellar
DNA into the nuclear genome. This mechanism has gained
support from experimental evolution approaches, in which
a chloroplast transgene, along with large flanking regions,
was shown to move to the nuclear genome at astoundingly
high frequency [14–17]. Subsequent rearrangements in the
nuclear genome, such as capture of a preexisting promoter
from a nearby nuclear gene, can convert an initially inactive
(prokaryotic-type) plastid gene into a functional nuclear
(eukaryotic-type) gene [18, 19].
RNA/cDNA-mediated gene transfer has been proposed as
a mechanism accounting for at least some transfers of plant
mitochondrial genes to the nuclear genome [20–22]. The
RNA/cDNA model is mainly supported by gene sequences in
the nucleus more closely resembling mitochondrial transcript
sequences than the mitochondrial gene sequences encoding
these transcripts. The distinguishing feature between genomic
sequence and transcript sequence in mitochondria of vascular
plants is RNA editing, a posttranscriptional messenger RNA
(mRNA) processing step that changes the identity of individual
cytidine residues to uridine, presumably by site-specific cyti-
dine deamination. Presence of the fully edited sequence in
the nuclear genome suggests that gene transfer involved
reverse transcription of a C-to-U edited RNA intermediate
[20–22]. Consistent with this model, plant mitochondria have
been found to possess reverse transcriptase activity [23, 24].
Whereas DNA-mediated gene transfer from the plastid
genome to the nucleus occurs at high frequency and has
been successfully reconstructed in laboratory experiments
[17], RNA/cDNA-mediated gene transfer has not been
observed directly so far [25]. This raises the question of how
intron-containing plastid genes can be functionally transferred
to the nuclear genome. Here we describe an experimental
evolution approach that reveals molecular mechanisms of
how intron-containing genes can become active nuclear
genes.
Results
Design of Genetic Screens for Transfer of an
Intron-Containing Gene to the Nucleus
We have previously developed genetic screens that facilitate
selection for DNA-mediated gene transfer from the plastid to
the nucleus in laboratory experiments [15, 18]. The principle
Figure 1. Physical Maps of the Regions in the Tobacco
Plastid Genome Targeted by Cotransformation
Structures of the genomic regions in the WT and the
transplastomic lines are shown. Genes above the line
are transcribed from the left to the right; genes below
the line are transcribed in the opposite direction.
(A) Physical maps of the atpI operon in the WT (Nt-
ptDNA) and in the transformed plastid genomes (Nt-
pIF85) obtained by cotransformation with vector pIF85.
The atpF intron is shown in red. The intron probe used
for RFLP analysis of transplastomic lines is indicated
by a black bar. The sizes of the restriction fragments in
the RFLP analysis with the enzyme EcoRI are also given.
(B) Physical maps of the transgene targeting regions in
the WT and in the transplastomic lines transformed
with vectors pIF81 and pIF84, respectively. The atpF
intron cassette (comprising the intron, 27 bp of 50 flank-
ing exon sequence, and 32 bp of 30 flanking exon
sequence) is indicated in red. Plastid expression
elements (promoters + 50 UTRs and 30 UTRs) are shown
as green boxes. Nuclear expression elements
(promoters and terminators) are represented by blue
boxes. The spectinomycin resistance gene aadA (gray)
serves as selectable marker gene for plastid transforma-
tion, whereas the kanamycin resistance gene nptII
(purple) is designed as a marker for gene transfer to the
nuclear genome. Restriction sites used in RFLP anal-
yses, sizes of the corresponding DNA fragments and
hybridization probes are also indicated. ATG, position
of the start codon that would drive nptII translation in
the nucleus after intron removal by splicing in the chloro-
plast; Prrn, plastid rRNA operon promoter; Prrn-T7g10,
plastid rRNA operon promoter fused to the leader (50
UTR) from gene 10 of bacteriophage T7; TrbcL, 30 UTR
of the plastid rbcL gene; TpsbA, 30 UTR of the plastid
psbA gene; P35S, CaMV 35S promoter; Tnos, terminator
from the nos gene of Agrobacterium tumefaciens.
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764of these screens was to integrate an antibiotic resistance gene
(the kanamycin resistance gene nptII) into the plastid genome
by stable transformation and tether this gene to a nuclear
(eukaryotic-type) promoter that does not function in the
prokaryotic genetic system of the chloroplast. Lack of nptII
expression in plastids allows selection of the chloroplast-
transformed (transplastomic) plant cells for kanamycin resis-
tance under the assumption that kanamycin resistance can
arise only if the eukaryotic-type nptII gene construct escapes
from the plastid and integrates itself into the nuclear genome.
In these experiments, only DNA-mediated gene transfer was
detected [14–17]. To directly screen for RNA/cDNA-mediated
gene transfer, incorporation of a chloroplast group II intron
into the kanamycin resistance gene nptII would not only
provide a simple marker to distinguish between DNA-medi-
ated and RNA/cDNA-mediated gene transfer (in that absence
of the intron from the transferred gene in the nuclear genome
would be unambiguous evidence for RNA/cDNA-mediated
transfer), it additionally should be suitable to select against
DNA-mediated transfer (in that the expected lack of splicing
of the prokaryotic-type group II intron in the nucleus would
prevent expression of intron-containing nptII gene copies).
The technical problem with this experimental approach is
that the intron-containing nptII gene cannot be combined
with a nuclear promoter (that would activate the gene after
its transfer to the nucleus; [14, 15]), for the simple reasonthat splicing in the chloroplast requires prior transcription.
On the other hand, use of a chloroplast promoter is not
possible either, because it would defeat any selection for
gene transfer (due to the fact that the nptII gene would confer
kanamycin resistance already in its chloroplast location). To
circumvent this problem, transcription and intron splicing
must be temporally and spatially uncoupled from translation
in that, in the chloroplast, only transcription and splicing
should occur, but no translation. In contrast, after transfer to
the nucleus, both transcription and translation should proceed
efficiently to facilitate selection for antibiotic resistance.
We have designed a selection cassette that meets these
complex requirements (Figure 1). The three salient features
of this cassette (pIF84) are (1) separation of the nptII coding
region from its start codon by the intron from the plastid
atpF gene, (2) production of a transcript in plastids (from the
strong ribosomalRNA [rRNA]operonpromoterPrrn; Figure 1B)
that includes the complete sequences of the CaMV 35S
promoter and the nos terminator that would immediately result
in a transcriptionally active nptII gene copy after transfer to the
nucleus, and (3) sense orientation of the atpF intron but anti-
sense orientation of nptII and its nuclear promoter and termi-
nator. The latter feature ensures that efficient splicing of the
transcript occurs in chloroplasts, but no NptII protein can be
produced. IfRNA/cDNA-mediatedtransfer to thenucleuswould
occur, it would result in an intron-free P35S-nptII-Tnos cassette
Figure 2. Analysis of cGTs and cGTas Transplastomic Lines
cGTs lines were generated by cotransformation of vector pIF85 with vector
pIF81, and cGTas lines were produced by cotransformation of pIF85 with
pIF84.
(A) RFLP analysis of transplastomic lines. For expected fragment sizes
(given in kb) and location of hybridization probes, see Figure 1. Two inde-
pendently generated cotransformed transplastomic lines are shown for
each nptII construct. WT, wild-type.
(B) Seed assays confirming homoplasmy of the transplastomic lines and
maternal inheritance of the plastid-encoded spectinomycin resistance
conferred by the aadA transgene. Seeds were germinated on medium con-
taining 500 mg/L spectinomycin. For comparison, WT seeds germinated on
antibiotic-free medium are also shown. Pictures were taken 17 days after
sowing.
(C) Absence of nuclear nptII copies from the transplastomic lines. Crosses
were performed with WT plants as maternal parent and transplastomic
plants as pollen donor. Three seedlings from self-pollinated transplastomic
lines and ten randomly chosen seedlings from the cross of a WT maternal
parent with a transplastomic paternal parent (cGTs-1 and cGTas-1, respec-
tively) were assayed by PCR for the presence of the nptII cassette. The size
of the nptII-specific PCR product is 1,009 bp. C, buffer control.
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765in the nucleus (Figure 1B) that gives strong kanamycin resis-
tance. If only DNA-mediated transfer occurs, the unspliced
nptII mRNA will not be translatable and no kanamycin resis-
tance should accrue, unless some other molecular mechanism
would result in nptII activation in the nucleus.We also designed a splicing-dependent nptII cassette that
lacks nuclear expression signals and also lacks a functional
translation initiation codon to prevent NptII protein synthesis
in chloroplasts (pIF81; Figure 1B). This cassette would only
give rise to kanamycin resistance if both intron removal and
promoter capture (including start codon capture) occur
upon integration into the nuclear genome. Previous experi-
ments have established that promoter capture is a relatively
rare event that severely limits the success rate of functional
gene transfer to the nuclear genome [18]. Consequently,
construct pIF81 is less likely to allow selection of gene transfer
events at reasonable experimental frequency than construct
pIF84 (whose CaMV 35S promoter ensures nptII transcription
after transfer to the nucleus). In both vectors (pIF84 and
pIF81), a chimeric aadA gene was incorporated to facilitate
isolation of chloroplast transformants by spectinomycin
selection [26].
Use of the plastid atpF intron in the nptII gene transfer
cassettes required elimination of the intron from the endoge-
nous atpF gene. This is because duplicated sequences in the
plastid genome tend to recombine and thus lead to genome
instability (causing deletions and/or inversions; [27, 28]). To
avoid this problem, we constructed a third plastid transforma-
tion vector (pIF85) to replace the atpF gene with an intron-free
allele (Figure 1A).
Generation of Transplastomic Plants Expressing
an Intron-Containing nptII Gene
To avoid two successive rounds of plastid transformation (that
would require two different selectable marker genes), we at-
tempted to simultaneously introduce the intron-free atpF allele
and the nptII gene transfer cassette by cotransformation [29].
To this end, we conducted two cotransformation experiments.
In the first experiment, plasmid pIF85 was cotransformed with
vector pIF81, and in the second experiment, pIF85 was co-
transformed with pIF84 (Figure 1). Plastid transformants
were identified by their growth under selection for spectino-
mycin resistance (conferred by the chimeric aadA gene) and
were subsequently analyzed for their transplastomic status
by PCR assays and restriction fragment length polymorphism
(RFLP) analyses (Figure 2A). As expected, all plastid trans-
formants harbored the nptII gene transfer cassette, but only
a small proportion of them was cotransformed with the
intron-free atpF allele. Among 20 transplastomic lines
produced by cotransformation with plasmids pIF85 and
pIF81, only six lines displayed the Nt-pIF85 plastid genome
configuration (Figure 1). Similarly, only 3 of the 12 transplas-
tomic lines produced by cotransformation with pIF85 and
pIF84 had the Nt-pIF85 genome configuration. Doubly trans-
plastomic lines that are cotransformed with plasmids pIF85
and pIF81 (and thus have the Nt-pIF85 + Nt-pIF81 genome
configuration) will subsequently be referred to as cGTs lines,
lines with the Nt-pIF85 + Nt-pIF84 genome configuration will
be referred to as cGTas lines (with ‘‘cGT’’ standing for ‘‘chloro-
plast gene transfer’’ and ‘‘s’’ and ‘‘as’’ referring to the sense or
antisense transcription of the nptII sequence in plastids). Two
cGTs lines (named cGTs-1 and cGTs-2) and two cGTas lines
(cGTas-1 and cGTas-2) were subsequently characterized in
more detail.
To select homoplasmic transplastomic lines and eliminate
residual wild-type (WT) copies of the plastid genome, we sub-
jected the cGTs and cGTas lines to two additional rounds of
plant regeneration under strong spectinomycin selection.
Subsequently, homoplasmy for both genome manipulations
Figure 3. Analysis of RNA Accumulation and Intron Splicing in Transplas-
tomic cGTs and cGTas Plants Expressing Intron-Containing nptII Trans-
genes
(A) Northern blot analyses to detect nptII transcripts. A double-stranded
hybridization probe recognizes more nptII transcripts in cGTs lines than in
cGTas lines (left panel). Therefore, an additional hybridization was carried
out with a probe that specifically detects the nptII antisense transcript in
cGTas lines (right panel). Fragment sizes are given in kb. Accumulation of
a 1.1 kb mRNA species in the cGTs lines suggests atpF intron removal
from the nptII transcript by splicing. Unspliced monocistronic nptII tran-
scripts are w1.8 kb. The w2.5 kb transcript species is likely to originate
from read-through transcription with adjacent genes, as has been observed
previously with other transgenes targeted to this region of the plastid
genome [47, 54, 55]. The nptII transcripts in the cGTas lines are approxi-
mately 0.7 kb larger than in the cGTs lines, due to inclusion of the Tnos
and P35S sequences (cf. Figure 1B). Therefore, the 1.8 kb band corresponds
to the spliced nptII antisense RNA and the size of the unspliced precursor
RNA is 2.5 kb. Thew3 kb band is likely to represent a similar read-through
transcript as seen in the cGTs lines. To control for RNA integrity, we show
below each autoradiograph the rRNA-containing region of the ethidium
bromide-stained agarose gel prior to blotting.
(B) Analysis of atpF intron splicing by RT-PCR. The sequences amplified
with specific primer combinations are indicated at the left. As a control,
DNA samples were also amplified. The size of the PCR product for the
spliced atpF is 467 bp. As expected, this product is obtained with cDNA
from wild-type plants (wt) as well as with cDNA and DNA from all cotrans-
formed transplastomic lines (due to genomic replacement of the atpF
gene with an intron-free atpF allele; cf. Figure 1A). The intron-containing
atpF gives rise to a 1,162 bp product, as obtained with DNA fromWT plants.
Primers specific to the nptII sense transcript in cGTs lines and the nptII anti-
sense transcript in cGTas lines, respectively, were designed in a way that, in
both cases, unspliced transcripts give rise to a 1,009 bp PCR product,
whereas spliced transcripts yield a 314 bp product.
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fer cassette) was assessed by RFLP assays. Absence of
hybridization signals for theWT genome in Southern blot anal-
yses suggested that all lines had reached the homoplasmic
state for both alterations in the genome (Figure 2A). Toadditionally confirm homoplasmy, we performed inheritance
assays. Absence of antibiotic-sensitive seedlings from the
progeny of transplastomic plants revealed that the lines harbor
a homogeneous population of transformed plastid genomes
(Figure 2B).
Chloroplast transformation experiments with the biolistic
gun can occasionally result in inadvertent cotransformation
of the nuclear genome [30]. Because we wanted to study
gene transfer to the nuclear genome, it was particularly impor-
tant to ascertain that no copies of our transformation
constructs had integrated in the nuclear genome of our trans-
plastomic cGTs and cGTas lines. This was achieved by polli-
nating WT plants with pollen from our transplastomic lines
and testing the progeny for the presence of nptII sequences
by PCR (Figure 2C). Unlike chloroplast transgenes, nuclear
transgenes are transmitted through pollen and displayMende-
lian segregation in the progeny. However, all progeny from
a cross between WT plants as maternal parent and transplas-
tomic plants as pollen donors tested negative for the nptII (Fig-
ure 2C), indicating that no unwanted cotransformation of the
nuclear genome had occurred and, thus, the transplastomic
lines can be safely used for plastid-to-nucleus gene transfer
experiments.Faithful atpF Intron Splicing in Chimeric Sequence
Contexts
We next wanted to examine whether the atpF intron is
correctly spliced from our chimeric nptII gene constructs in
cGTs and cGTas transplastomic lines. Consistent with earlier
reports that group II intron splicing in plastids is largely inde-
pendent of the surrounding sequence context [31], both RNA
gel blot analyses (Figure 3A) and RT-PCR assays (Figure 3B)
revealed that the atpF intron is faithfully spliced from the
chimeric nptII transcripts in cGTs and cGTas plants.
Sequencing of the amplified cDNAs demonstrated that intron
excision occurs precisely at the known 50 and 30 splice sites.
This finding confirmed that our transplastomic plants accumu-
late abundant amounts of RNA substrate for cDNA-mediated
gene transfer and thus provide a valid experimental system
to select for RNA/cDNA-mediated gene transfer to the
nucleus.Genetic Screens for Gene Transfer to the Nucleus
Having successfully generated homoplasmic transplastomic
plants that express intron-containing selectable marker
gene constructs and having established that faithful intron
splicing occurs in transgenic plastids, we performed large-
scale genetic screens for gene transfer to the nuclear
genome. To this end, large amounts of seeds were obtained
from cGTs and cGTas plants (>1 million seeds each) and
germinated on kanamycin-containing synthetic medium (Fig-
ure 4A). Screens with 1,054,125 seeds from cGTs lines did
not produce any kanamycin-resistant seedlings, confirming
that gene transfer to the nucleus with simultaneous capture
of a functional nuclear promoter is a rare event [18] and prob-
ably too infrequent to be detected in this experimental
system. In contrast, screening of 1,022,113 seeds from cGTas
lines yielded altogether 91 highly kanamycin-resistant seed-
lings (Figure 4A). All kanamycin-resistant seedlings (subse-
quently referred to as cGTas-Kan lines) were transferred to
soil and grown to maturity in the greenhouse. For genetic
analysis, all plants were selfed and reciprocally crossed to
WT plants.
Figure 4. Genetic Screen for Transfer of an Intron-Containing Plastid Gene
to the Nuclear Genome
(A) Isolation of putative gene transfer lines. Growth on kanamycin-contain-
ing medium suggests activation of the formerly silent nptII gene, presum-
ably through functional transfer to the nuclear genome. Two typical
selection plates (with one positive line each) were photographed after
18 days (left) and 40 days (right). Note that the sensitive seedlings are still
slightly green after 18 days (which, at least in part, is due to the high sowing
density) but nearly fully bleached after 40 days. Scale bars represent 20mm.
(B) Mendelian segregation of the activated kanamycin resistance gene
confirms gene transfer to the nucleus. Shown are examples of inheritance
assays performed by sowing seeds on kanamycin-containing medium
(kanamycin concentration: 200 mg/L). The seeds from the cGTas-Kan lines
used in these tests were generated by using the cGTas-Kan lines as pollen
donors and crossing them to a WT maternal parent. Both putative gene
transfer lines show the expected 1:1 segregation into kanamycin-resistant
and kanamycin-sensitive progeny. The total segregation ratio determined
was resistant: sensitive = 214: 203 for line cGTas-Kan1 (51.3% resistant
seedlings) and resistant: sensitive = 279: 211 for line cGTas-Kan2 (56.9%
resistant seedlings). Pictures were taken after 19 days.
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To confirm that the nptII transgene hasmigrated to the nuclear
genome, we used cGTas-Kan lines as pollen donors and
crossed them to WT maternal parents. Due to maternal inher-
itance of chloroplasts in tobacco [32], this cross eliminates the
transgenic chloroplasts from the progeny and, thus, repre-
sents a stringent test for nuclear localization of the kanamycin
resistance gene. If the nptII gene has moved to the nuclear
genome, it is expected to be present there in a hemizygous
state and, therefore, the progeny from a cross with the WT
should show a 1:1 segregation into kanamycin-resistant and
kanamycin-sensitive seedlings. Out of the 91 cGTas-Kan lines
isolated in our gene transfer screen, 88 were tested in this way.The remaining three lines could not be tested due tomale infer-
tility (an occasionally occurring problem with plants grown
in tissue culture). Of the 88 tested lines, 71 displayed the
expected 1:1 Mendelian segregation for the kanamycin resis-
tance (Figure 4B). Of the remaining 17 lines, 3 lines produced
no kanamycin-resistant progeny (and thus were excluded
from further analysis) and 14 lines showed deviating segrega-
tion ratios (i.e., significantly less than 50% antibiotic-resistant
seedlings), which we tentatively attribute to partial nptII gene
silencing in the progeny or instability of the transferred gene
in the nuclear genome [33].
Having confirmed plastid-to-nucleus gene transfer of nptII
and having crossed out the transgenic chloroplasts harboring
the intron-containing nptII cassette, we next tested the cGTas-
Kan lines for the presence of the intron in the nptII gene that
had escaped to the nucleus. Interestingly, all 85 lines analyzed
turned out to have retained the atpF intron in the now nuclear
nptII gene, as evidenced by PCR assays with genomic DNA as
template (Figure 5A). Presence of the intron in all cGTas-Kan
lines strongly suggests that all transfer events were DNA-
mediated and no RNA/cDNA-mediated transfer had occurred.
This was surprising, because stop codons present within the
atpF intron sequence in all three reading frames upstream of
the nptII coding region should preclude translation of nptII
(Figures 1B and 5B) and thus exclude functional gene transfer
by direct DNA movement.
Amplification of 3 kb of flanking chloroplast sequences and
DNA sequencing of the amplification products from two
cGTas-Kan lines suggested transfer of large plastid DNA frag-
ments to the nuclear genome and thus provided additional
evidence against RNA/cDNA-mediated transfer.
Splicing of Chloroplast Intron Sequences in the Nucleus
In consideration of the fact that intron-containing nptII tran-
scripts in the nucleus lack an in-frame initiator codon and,
therefore, should not be translatable in the cytosol, we
decided to analyze the nptII transcripts produced in cGTas-
Kan plants. Surprisingly, in addition to the expected unspliced
nptII transcripts, our analyses also detected two shorter RNA
species. Their amplification by RT-PCR with primers binding
upstream and downstream of the atpF intron sequence
(Figures 5A and 5B) suggested that the plastid group II intron
undergoes a splicing-like processing step in the nucleus.
Both cDNA products were significantly larger than the spliced
product obtained upon correct excision of the atpF intron in
chloroplasts of cGTas plants (Figure 5A; cf. Figure 3), suggest-
ing that the eukaryotic splicing apparatus in the nucleus
processes the (prokaryotic) intron differently from the prokary-
otic splicingmachinery in the chloroplast. To identify the splice
sites in both products, we sequenced all amplified cDNAs and
aligned the sequences with that of the unspliced precursor
RNA (Figure 5; see Figure S1 available online). These analyses
revealed that, in both spliced products (‘‘spliced.1’’ and
‘‘spliced.2’’; Figure 5B), the same 50 splice site was utilized.
The site is located in the 50 sequence of the intron (Figure S1)
and resembles the consensus sequence for spliceosomal
splicing in the nucleus (Figure 6). The 30 splice sites differ in
the two spliced RNA species. Whereas in ‘‘spliced.1’’
a sequence in the 30 region of the intron is utilized, the 30 splice
site in ‘‘spliced.2’’ is located in the 50 part of the nptII coding
region (Figure 5B; Figure S1). However, both alternatively
used 30 splice sites match the consensus sequence for spli-
ceosomal splicing in the plant nucleus (Figure 6). Interestingly,
in the larger of the two spliced products (spliced.1; Figure 5B;
Figure 5. Analysis of Intron Splicing in the Nucleus of
Gene Transfer Plants
(A) PCR analysis of DNA and cDNA samples from cGTas
transplastomic lines, cGTas-Kan gene transfer lines,
cGTs transplastomic lines, and nuclear-transgenic
nAInptII lines expressing an nptII gene construct with
the atpF intron in sense orientation. Amplification prod-
ucts were separated in 2.5% agarose gels, excised and
sequenced. Obtained product sizes are indicated at the
right in bp.
(B) Maps of the nptII expression cassettes in cGTas-Kan
gene transfer lines and nAInptII nuclear transformants
and schematic representation of the corresponding tran-
scripts. The atpF intron cassette is shown in red (note its
antisense orientation in cGTas-Kan lines), the expression
elements driving transcription in the nucleus (P35S and
Tnos) are in blue and the kanamycin resistance gene
nptII is in purple. Contiguous reading frames that poten-
tially give rise to functional NptII protein are denoted in
the transcript representations by their start and stop
codons and the number of amino acids (aa) they encode.
ATG triplets and stop codons within the intron sequence
are also indicated. Kinked black lines illustrate transcript
sequences that are spliced out. See also Figure S1.
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768Figure S1), a perfect reading frame is created by placing an
intron-internal ATG codon upstream of and in-frame with the
nptII coding region. We therefore assume that mRNA species
spliced.1 represents the translated transcript that is respon-
sible for expressing the nptII gene in the nucleus at the protein
level and hence for the kanamycin resistance of all selected
cGTas-Kan lines.
Due to the necessity to preclude NptII protein expression in
the chloroplast (see above), the atpF intron in the transferred
nptII gene in cGTas-Kan lines is present in antisense orienta-
tion (cf. Figures 1B and 5B). To additionally examine the
scenario that exactly reflects DNA-mediated EGT (in which
the intron in the transferred gene would be incorporated into
the nuclear genome in sense orientation), we constructedFigure 6. Comparison of the Consensus Sequences for Spliceosomal Intron
Removal in the Nucleus of Arabidopsis thaliana with the Sequences
Surrounding the Cryptic Splice Sites Observed in cGTas-Kan and nAInptII
Plants
The slashes between nucleotide positions21 and 1 indicate the exon-intron
borders. The consensus sequences for exon-intron junctions in the Arabi-
dopsis genome were obtained from the The Arabidopsis Information
Resource database (http://www.arabidopsis.org/info/splice_site.pdf).
Every nucleotide is drawn with a height value proportional to the percentage
of occurrence. The sequences of the exon-intron junctions in the splice vari-
ants observed in cGTas-Kan (.spl1 and .spl2 refer to the alternatively spliced
products illustrated in Figure 5B and Figure S1) and nAInptII plants are
alignedwith the consensus sequence. Nucleotidesmatching the consensus
sequence are shown in the same color as the corresponding consensus
nucleotide, and deviating nucleotides are shown in black.a nuclear transformation vector that expresses an nptII
cassette interrupted by the atpF intron in sense orientation.
This construct was introduced into the nuclear genome of
tobacco plants by Agrobacterium-mediated transformation
using hygromycin selection. Interestingly, the resulting trans-
genic plants (termed nAInptII lines for lines expressing
a nuclear copy of the atpF intron in the nptII gene) were not
only hygromycin resistant but also displayed strong resistance
to kanamycin, suggesting that also in sense orientation, the
intron-containing nptII gene can be expressed in the nucleus.
The transgenic lines were then characterized with respect to
the nptII transcript species produced from transcription in the
nucleus. RT-PCR analyses demonstrated that the sense intron
also underwent splicing in the nucleus, as evidenced by ampli-
fication of a short cDNA (Figure 5A). As in the case of splicing in
the cGTas-Kan plants, this cDNA amplification product was
slightly larger than the product obtained upon correct splicing
of the atpF intron in chloroplasts. Sequencing revealed that the
50 splice site was located in the 50 region of the atpF intron,
whereas the 30 splice site was identical to the site utilized in
spliced.2 of cGTas-Kan plants (Figure 5B; Figure S1). The
new 50 splice site also matched the consensus exon-intron
junction sequence for spliceosomal intron excision in the
nucleus (Figure 6). Whereas the spliced nptII RNA in nAInptII
plants does not contain an ATG codon that potentially could
mediate translation initiation, the unspliced RNA has an in-
frame ATG triplet located in the 30 part of the atpF intron
sequence. Consequently, in nAInptII plants, the unspliced
transcripts could cause the kanamycin resistance by internal
translation initiation occurring in the intron.
In sum, two different mechanisms can account for functional
DNA-mediated gene transfer of intron-containing genes from
the plastid to the nuclear genome: (1) utilization of cryptic
splice sites resulting in the removal of intron sequences and,
in this way, giving rise to a contiguous reading frame (as in
our cGTas-Kan plants) and (2) translation initiation from
intron-internal in-frame ATG codons (as presumably occurring
in our nAInptII plants).
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RNA/cDNA-mediated gene transfer represents the most
straightforwardmechanism for how intron-containing organel-
lar genes could be replaced by functional copies in the nuclear
genome. Phylogenetic evidence obtained for some transfer
events from the plant mitochondrial genome to the nucleus
has suggested that RNA/cDNA-mediated gene transfer can
indeed occur [20–22]. We report here that plastid genes can
be functionally transferred to the nuclear genome even in the
obvious absence of RNA/cDNA-mediated gene transfer. Using
an experimental evolution approach, we have provided
evidence for two alternative mechanisms that both rely on
direct DNA-mediated gene transfer and yet result in functional
gene copies in the nucleus. Our data show that functionality of
the transferred genes in the nucleus can be brought about by
either splicing events that generate a contiguous reading
frame or by internal translation initiation in intronic sequences.
Our finding that a plastid intron can be spliced in various
ways (and in both orientations) in the nucleus (Figure 5; Fig-
ure S1) illustrates a remarkable plasticity of spliceosomal
splicing in plants. This is consistent with the vast amount of
alternative splicing occurring in the nucleus, with 42% of the
intron-encoding genes in Arabidopsis undergoing alternative
splicing [34]. Much of this alternative splicing is likely to be
promiscuous, lacking functional significance, and may be
due to the loose sequence requirements for splice site recog-
nition (Figure 6). Based on our results, we therefore propose
that promiscuous splicing in the nucleus can result in imme-
diate functionality of transferred intron-containing organellar
genes. Subsequent evolutionary optimization of the trans-
ferred gene (e.g., by exon shuffling; [20]) can then produce
a fully-fledged nuclear gene that makes the organellar gene
copy dispensable and thus prone to evolutionary deterioration
[21, 35]. Exon shuffling can potentially also mediate capture of
a transit peptide sequence for rerouting of the protein product
into the plastid, although genome-wide analysis of plastid
genes transferred to the nucleus has revealed that the majority
of proteins encoded by them are targeted to cell compart-
ments other than the chloroplast [36].
It seems possible that the structural and mechanistic simi-
larities between group II intron splicing and spliceosomal
splicing [37] contribute to the propensity of plastid intron
sequences to undergo splicing in the nucleus. Although group
II introns in the plastid genomes of flowering plants do not
possess self-splicing activity, their folding into a stable
secondary structure may aid their recognition by the spliceo-
somal machinery in the nucleus [37, 38]. RNA secondary struc-
ture formation may also be involved in facilitating internal
translation initiation from the unspliced transcripts in nAInptII
plants (Figure 5; Figure S1). This could, for example, occur
by a process similar to ribosome shunting, a mechanism that
permits internal translation initiation rather than initiation close
to the capped 50 end of the mRNA. Formation of stable
secondary structures upstream of the internal AUG may allow
the ribosomes to physically bypass large parts of the 50
untranslated region (50 UTR) and ignore the many upstream
out-of-frame AUGs [39, 40].
Although more than two million seeds were analyzed in our
genetic screens, no RNA/cDNA-mediated gene transfer was
detected. It is important to note that this finding does not
exclude the possibility of RNA/cDNA-mediated gene transfer.
In fact, there is strong phylogenetic evidence supporting its
occurrence on an evolutionary timescale [20–22]. However,our data suggest that, at least for the transfer of genetic infor-
mation from the plastid to the nucleus, DNA-mediated gene
transfer is much more prevalent than RNA/cDNA-mediated
transfer. It is noteworthy that the best-supported cases of
RNA/cDNA-mediated gene have been reported for plant mito-
chondrial genes [20–22]. Whereas plant mitochondria have
been found to possess reverse transcriptase activities [23,
24], no such activity has been detected so far in plastids.
This difference between plastids and mitochondria could
potentially account for the absence of RNA/cDNA-mediated
gene transfer out of plastids (or its incidence below the detec-
tion limit of genetic screens of the scale described here).
Finally, our finding that incorporation of a group II intron
does not prevent functional gene transfer to the nucleus also
has important implications for the biosafety of transgenic
plants. Plastid transformation technology is considered
a promising tool in plant biotechnology [41–43], with provision
of increased gene containment (due to exclusion of plastid
transgenes from pollen transmission) being one of its most
attractive features [44]. In addition to paternal leakage in
plastid inheritance [32, 45], escape of plastid transgenes to
the nuclear genome represents a mechanism that can partially
undermine gene confinement in transplastomic plants. Our
data obtained here indicate that intron incorporation into
plastid transgenes does not necessarily guarantee prevention
of functional gene transfer to the nucleus. Therefore, careful
assessment of the potential of plastid intron constructs to
confer expression in the nucleus will be required before plastid
introns can be employed as a safety measure to prevent func-
tional transgene escape to the nucleus.
Experimental Procedures
Plant Material and Generation of Transgenic Plants
Tobacco plants (Nicotiana tabacum cv. Petit Havana) were grown under
sterile conditions on agar-solidified MS [46] medium (Murashige-Skoog
medium) containing 30 g/L sucrose. Homoplasmic transplastomic lines
were rooted and propagated on the samemedium, with the additional inclu-
sion of 500 mg/L spectinomycin. For seed production and genetic crosses,
plants were transferred to soil and cultivated under standard greenhouse
conditions. Nuclear-transgenic lines were rooted onMSmedium containing
30 g/L sucrose and 50 mg/L hygromycin.
Construction of Transformation Vectors
Plastid transformation vectors pIF81 and pIF84 are derivatives of the previ-
ously described vector pKP9 [47]. pIF81 was assembled from the atpF
intron sequence, the coding sequence of the nptII gene and the plastid
expression cassette from vector pHK20 [48] using a PCR strategy. Likewise,
vector pIF84 was assembled from amplification products of the terminator
from the nopaline synthase gene (Tnos), the nptII coding region, the atpF
intron sequence and the cauliflower mosaic virus 35S promoter. Vector
pIF85 was constructed to remove the endogenous group II intron from the
tobacco plastid atpF gene. To this end, the spliced form of atpF was ampli-
fyied from cDNA by PCR and used to replace the atpF gene in a cloned
restriction fragment of the tobacco plastid genome (Figure 1). To express
the intron-containing nptII gene from the nuclear genome, we amplified
the expression cassette from pIF81 and assembled it in a standard vector
for nuclear transformation, generating plasmid nAInptII. For construction
details, see Supplemental Information.
Plastid Transformation and Selection of Transplastomic Tobacco Lines
For chloroplast transformation, young leaves were harvested from asepti-
cally grown tobacco plants and bombarded with plasmid DNA-coated
gold particles using the DuPont PDS1000He biolistic gun. Cotransformation
of pIF85 with pIF81 or pIF84 was performed by mixing two plasmids in a 1:1
ratio (10 mg plasmid DNA each). Spectinomycin-resistant shoots were
selected on regeneration medium containing 500mg/L spectinomycin dihy-
drochloride [26]. Primary cotransformants were identified by a PCR-based
strategy and subjected to three additional rounds of regeneration to obtain
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tomic lines cotransformed with pIF81 and pIF85 were analyzed and desig-
nated cGTs-1 and cGTs-2 (cGTs: chloroplast Gene Transfer sense). Two
lines cotransformed with pIF84 and pIF85 were designated cGTas-1 and
cGTas-2 (cGTas: chloroplast Gene Transfer antisense). Homoplasmy was
verified by RFLP analyses and inheritance assays [49].Nuclear Transformation and Selection of Transgenic Tobacco Lines
Construct nAInptII was transformed into the nuclear genome of Nicotiana
tabacum cv. Petit Havana by Agrobacterium tumefaciens-mediated leaf
disk transformation using standard protocols [50], Agrobacterium strain
GV2260 and 25 mg/L hygromycin for selection. The transgenic status of
the selected lines was confirmed by PCR and inheritance assays.Selection for Gene Transfer from the Chloroplast to the Nucleus
To select for gene transfer of the chimeric nptII genes to the nucleus, we
surface sterilized seeds from transplastomic lines (cGTs-1, cGTs-2,
cGTas-1 and cGTas-2) and plated them on kanamycin-containing MS
medium without or with 2% sucrose. Suitable kanamycin concentrations
were determined by testing seeds from tobacco transgenic lines harboring
a Pnos-nptII-Tnos expression cassette [51]. To obtain homogeneous germi-
nation, we incubated the plates at 4C for 1 day before transfer to the growth
cabinet (25C). For the cGTas screen, MS medium containing 100 mg/L
kanamycin was used. For the cGTs screen, MS medium containing kana-
mycin concentrations ranging from 100 to 1,000 mg/L were used (because
cGTs plants displayed a slightly elevated kanamycin tolerance). Altogether,
619,784 seeds were germinated on 100 mg/L kanamycin, 153,286 seeds on
500 mg/L kanamycin, and 281,055 seeds on 1,000 mg/L kanamycin. The
highest kanamycin concentration (1,000 mg/L) caused stronger bleaching,
but all lower concentrations also led to growth arrest. In contrast, nuclear
transformants expressing nptII grew on all kanamycin concentrations,
including 1,000 mg/L. Putative gene transfer plants (cGTas-Kan lines)
were raised on MS medium in sterile containers in the presence of
100 mg/L kanamycin and finally transferred to soil and grown to maturity
in the greenhouse.Molecular Biological Methods
Total plant DNAs were isolated from fresh leaf tissue by a CTAB-based
method [52]. Total RNA was extracted using the peqGOLD TriFast reagent
(Peqlab GmbH, Erlangen, Germany). For Southern blot analysis, DNA
samples (of 3 mg) were digested with restriction enzymes, separated by
electrophoresis in 1% agarose gels and transferred onto nylon membranes
by capillary blotting. A PCR product covering part of the psaB gene [53] was
used as RFLP probe to verify integration of the nptII and aadA transgenes in
the plastid genome and assess the homoplasmic state of the transgenes in
the transplastomic lines. A restriction fragment resulting from digestion of
pIF84 with AflII and BseYI (corresponding to the atpF intron sequence)
was used as RFLP probe to verify cotransformation in the atpF region and
assay for homoplasmy of the intron-free atpF allele.
Northern blot analyses, preparation of hybridization probes, hybridiza-
tions, cDNA synthesis, PCR, and DNA sequencing were performed accord-
ing to standard protocols (see Supplemental Information for details).Crosses and Inheritance Assays
To confirm homoplasmy of transplastomic lines, seed pods were collected
from selfed plants and from a cross using the transplastomic lines as pollen
donor and a WT plant as maternal parent. Surface-sterilized seeds were
germinated on spectinomycin-containing (500 mg/L) MS medium and
analyzed for uniparental inheritance of the antibiotic resistance trait [32].
Seeds from both crosses were also assayed for kanamycin resistance
(100 mg/L). Seeds from selfed cGTas-Kan lines and from crosses using
the cGTas-Kan lines as pollen donor and a WT plant as maternal parent
were assayed by germination on MS medium containing 100 or 200 mg/L
kanamycin. Seedling phenotypes were scored after 2–3 weeks.Supplemental Information
Supplemental Information includes one figure and Supplemental Experi-
mental Procedures and can be found with this article online at doi:10.
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